Controlled release of therapeutic agents is important for improving drug efficacy and reducing toxicity.
Introduction
Controlled release of therapeutic agents is important for improving drug efficacy and reducing toxicity [1, 2] . Hydrogels are ideal for such applications because of their good biocompatibility, high loading efficiency, and more importantly, their response can be triggered by a number of environmental conditions [2] [3] [4] [5] [6] [7] [8] [9] [10] . For example, hydrogels that respond to temperature [11, 12] , pH [13] , electric or magnetic field [14, 15] , and light [16] have all been reported. For biomedical applications, however, it is often more desirable to achieve controlled drug release in response to specific chemical or biological stimuli [4, 17] , such as the release of insulin in the presence of high glucose concentration [18] . To achieve this, molecular recognition elements need to be incorporated into the hydrogel formulation.
Previously, chemically responsive hydrogels controlled release applications have been achieved by employing antibodies or protein enzymes as the molecular recognition elements [4, 17, 19] . However, in the case of proteins, they are susceptible to irreversible denaturation and therefore, more stable alternatives may provide improved performance [20] [21] [22] [23] [24] [25] [26] [27] [28] . Aptamers are DNA or RNA-based ligands that can bind to a diverse range of molecules including metal ions, small molecules, to proteins and even whole cells [29] [30] [31] . Compared to antibodies, aptamers are smaller in size, highly stable, easier to modify, and have less batch-to-batch variations. In many cases, aptamers have been shown to rival antibodies in terms of binding affinity and specificity. As a result, many aptamer-based sensors and smart materials have been prepared to change their optical properties or assembly states in response to the presence of specific target molecules [32] [33] [34] [35] [36] .
Incorporation of aptamers, especially DNA aptamers into hydrogels appears to be a viable option to construct chemically responsive drug release systems [37] [38] [39] [40] [41] . For example, the Tan group reported the use of DNA aptamer as a crosslinker to assemble DNA-functionalized hydrogels [37, 41] , where 3 addition of the target molecule resulted in gel dissolution and release of entrapped nanoparticles or enzymes. In such studies, a high concentration (e.g. ~1 mM) of DNA was required to crosslink the gel.
In another approach, aptamers were attached to the hydrogel side chain [38] [39] [40] 42] . In all these cases, the aptamers were able to bind to their respective targets and target release can be achieved by adding a complementary DNA to the aptamer to disrupt aptamer binding [43] . Instead of using complementary DNA, we aim to employ small molecule metabolites to trigger cargo release, which is more practical for cell-based and in vivo applications. This can be made possible by taking advantage of the two properties of an aptamer DNA. First, an aptamer DNA can still bind to its complementary strand.
Therefore, aptamers can be used to link DNA functionalized cargos to DNA functionalized hydrogels.
Second, an aptamer can bind to its target molecule and this binding can be engineered to displace DNA base pairing interactions and release the cargo. In our system, this whole process does not lead to the dissolution of the hydrogel since it is not crosslinked by DNA. As a result, a low DNA concentration is required. In this work, we employed monolithic hydrogels as a matrix to test the idea presented above and the model cargos were gold nanoparticles (AuNPs) and liposomes. 
Experimental section

Chemicals
All of the DNA samples were purchased from Integrated DNA Technologies (Coralville, IA) and 
Hydrogel preparation
To prepare hydrogels the following solutions were mixed: 100 L 40% gel solution (29:1), 40 L 2 M NaNO3, 80 L 0.5 M Tris nitrate, pH 8.0, 12 L 0.5 mM acrydite-modified DNA, and 528 L water.
This mixture contained a final gel percentage of 5% and 100 mM NaNO3, 50 mM Tris nitrate, and 10 M DNA. To initiate polymerization, a fresh initiator solution was made by dissolving 50 mg APS in 500 L water to which 25 L TEMED was finally added. 40 L of the initiator solution was added to the above mixture to initiate the polymerization reaction. A 96-well plate was used for gel preparation.
To each well 70 L of the gel solution was added. The gels were polymerized for 1 hr at room temperature and then soaked in 40 mL water overnight to remove free monomers, initiator, and unincorporated DNA. Subsequently the gels were soaked in a buffer containing 100 mM NaCl, 25 mM HEPES, pH 7.6 overnight. From our previous work, it has been calculated that ~60% of the DNA was polymerized inside the gel and the remaining gets washed away [28, 39] . 6
AuNP preparation
AuNPs (13 nm diameter) were synthesized following literature reported procedures by reducing 1 mM HAuCl4 using sodium citrate [44] . The resulting AuNPs were ~13 nm in diameter with a concentration of ~10 nM AuNPs. The 3-thiol modified DNA was first activated by treating 1.5TCEP solution at pH 5 and incubating for 1 hr [45] . The resultant activated DNA was incubated overnight with AuNPs with a final DNA concentration of 3 M. After overnight incubation, the pH of the solution was brought to 7.6 by drop wise addition a final of 5 mM HEPES buffer, pH 7.6 and 100 mM NaCl. The AuNPs were further incubated for 24 hrs before use. To remove free DNA, the AuNPs were centrifuged at 15000 rpm for 15 min and the supernatant solution was discarded.
Liposome preparation
We prepared and functionalized liposomes using the same procedure we previously published [46] . In brief, 2.5 mg DOPC was mixed with 5% MPB-PE and 1% Rh-PE in chloroform. Chloroform was removed under a gentle N2 flow in the fume hood and trace amounts of residual chloroform was removed by storing the samples under vacuum overnight. The dried lipids were kept under a N2 environment and then stored at -20 C prior to use. To prepare liposomes, the lipid was rehydrated with 0.5 mL of buffer A (150 mM NaCl, 25 mM HEPES, pH 7.6). After ~ 1 hr, this cloudy lipid suspension was extruded through a polycarbonate membrane (pore size = 100 nm) 21 times. To attach DNA, 50 L of 5 mg/mL liposomes were reacted with 60 M TCEP activated thiol-modified DNA at room temperature overnight. After incubation, the salt was adjusted to 500 mM NaCl to induce aggregation and the sample was stored at 4 C for 12 hrs. These liposomes were harvested after centrifugation (13000 rpm) at 4 C to remove unreacted DNA in the supernatant. Finally, the liposome was dispersed in buffer A at a concentration of 2.5 mg/mL. 7
Linking AuNPs and liposomes to hydrogel
Each gel was placed in 1 mL buffer B (300 mM NaCl, 20 mM HEPES, pH 7.6) containing 1 nM 13 nm AuNPs and 10 nM linker DNA. The gel was warmed up to 60 C for 2 min in a water bath and was cooled to room temperature overnight. The supernatant was then removed and the gels were resuspended in the same buffer. To attach the liposome, 10 L of the above prepared liposome was added to each gel in the presence of 50 nM linker DNA to react overnight in 1 mL of buffer B.
Melting Curves
To measure melting curves, a gel with immobilized AuNPs was soaked in a quartz micro-cuvette containing 500 L of buffer. The gel size was large enough to sit on top of the optical window for detection while still small enough to move freely in the buffer. The cuvette was sealed on the top by parafilm to prevent evaporation. Extinction at 520 nm was then monitored as a function of temperature using an Agilent 8453 spectrophotometer. The temperature was increased at a rate of 1 C/min. The sample was equilibrated for 2 min at each temperature before taking the measurement.
Adenosine induced release
Adenosine induced AuNP release was carried out in a quartz micro-cuvette. A gel was placed in the cuvette containing 500 L buffer at a designated temperature (typically 35 C). The extinction spectrum of the cuvette was measured every minute. After 6 min, a small volume of 50 mM adenosine was added and the extinction spectrum was collected every 1 or 2 min. To study the release of liposomes, each gel was placed in a 1cm1cm fluorescence quartz cuvette filled with 2 mL buffer A.
The temperature was adjusted to 35 C. Fluorescence intensity at 590 nm was monitored every 30 sec with 570 nm excitation. 4 mM adenosine was added after 5 min. 8
Hydrogel drying and rehydration
Hydrogel drying was carried out by placing each gel in a plastic weighing boat with the round side facing down. The remaining buffer around the gel was removed using a pipette. After incubating for 3 days at room temperature in dark, the gels were completely dried. To rehydrate the gel, each dried gel was transferred to a 1.7 mL microcentrifuge tube and 1 mL of buffer A was added. After ~1 hr at room temperature, gels were fully rehydrated to their original volume and the AuNPs remained on the surface.
Results and Discussion
Adenosine-induced AuNP release.
We chose to use AuNPs as a model cargo since they have a high extinction coefficient allowing them to be easily monitored using the naked eye and by UV-vis spectroscopy. In addition, DNA can be attached to the AuNP surface using well-established Au-thiol chemistry. The design of our stimuli-responsive system is shown in Figure 1A . A 5-acrydite-modified DNA was co-polymerized with the polyacrylamide hydrogel using bis-acrylamide as a crosslinker. The AuNPs were functionalized with a DNA containing a 3-thiol modification. Upon mixing the gel with AuNPs in the presence of a linker DNA, the AuNPs attached to the gel surface. As can be observed from Figure 2A , the gel was transparent in the absence of the linker DNA, suggesting that no nonspecific binding occurred. Addition of 10 nM linker DNA resulted in a red colored gel, confirming DNA-mediated AuNP attachment.
The DNA sequences and AuNP arrangement on the hydrogel surface are shown in Figure 1B . The adenosine aptamer sequence is in green and the blue portion of the aptamer binds to the DNA on the hydrogel surface. Addition of adenosine resulted in aptamer folding, decreasing the number of base 9 pairs for binding to the gel and detaching the AuNP from the gel surface. Indeed as shown in Figure 2B , most of the AuNPs were dissociated upon 4 mM adenosine and the gel appeared to be almost colorless.
Aptamer-functionalized AuNPs have been previously attached to gold surfaces [47, 48] , however this is the first systematic study using a hydrogel surface.
A tool that is often used to study DNA-linked nanomaterials is DNA melting experiments, in which the thermal stability of the linkage can be deduced. Using a previously reported method [28] , the gel was loaded into a quartz micro-cuvette and 500 L buffer was added. The gel was large enough to sit on the top of the optical window. Initially the buffer was clear since all of the AuNPs were associated with the gel. If AuNPs dissociation occurred, increased AuNP extinction at 520 nm can be observed. As shown in Figure 2C , the 520 nm surface plasmon peak increased gradually with increasing temperature and a large transition occurred at ~55 C in the presence of 300 mM NaCl. If the extinction value was plotted as a function of temperature, a melting transition at 55 C can be observed ( Figure 2D, dots) . With 100 mM NaCl, the melting temperature was at 45 C (squares). The fact that a higher salt resulted in a higher melting temperature supported that the AuNPs were linked by DNA to the gel surface. 
Effect of salt and temperature.
The melting study showed that both temperature and salt were important for the dissociation of AuNPs. Therefore, the effect of these two parameters on adenosineinduced release was studied next. First, the temperature was fixed at 35 C and the concentration of NaCl was varied. After incubating the gel for 6 min, 4 mM adenosine was added and the buffer extinction was monitored as a function of time. As can be observed in Figure 3A , with 300 mM NaCl, the background color was very stable and AuNP release occurred immediately after the addition of adenosine. With 100 mM NaCl, the release in the absence of adenosine was also very slow and a faster release was observed upon adenosine addition. At even lower salt concentrations, AuNPs already started to dissociate even in the absence of adenosine, suggesting that the reaction temperature (i.e. 25 C) exceeded the melting temperature of the linker DNA. This experiment suggests that the rate of release can be tuned by varying the ionic strength of the solution. The reaction can occur in a wide range of salt concentrations and the optimal concentration at 35 C should be between 100 and 300 mM NaCl, which is close to the physiological condition.
The effect of temperature was tested by fixing the NaCl concentration to 100 mM. As can be observed from Figure 3B , the adenosine induced release was progressively faster at higher temperature. At high temperature, the binding between DNA became less stable, making the structure switching of aptamer easier [49, 50] . To test the releasing kinetics under physiological conditions, the gel was soaked in modified Eagle's medium (EMEM) with Earle's balanced salt solution at 35 C. Addition of adenosine also resulted in a release of AuNPs ( Figure 3C ), suggesting that this reaction can also be carried out in a cellular environmental.
Effect of target concentration.
Under optimized salt and temperature conditions, we next tested the release of AuNPs as a function of adenosine concentration. We chose to use 100 mM NaCl and 35
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C for this set of experiment. As can be observed from Figure 4A , the AuNPs were released in a concentration-dependent manner with higher adenosine triggering a faster release. In the presence of 4 mM adenosine, a releasing rate constant of 0.25 min -1 was obtained using a first-order reaction model.
In addition to adenosine, this aptamer is also known to bind to other molecules including ATP and AMP. Therefore, the responses to these molecules were also tested ( Figure 4B ). The dissociation in the presence of adenosine was the fastest followed by AMP and ATP. This is consistent with previous reports confirming that the aptamer has a higher affinity for adenosine [51, 50] . Finally the responses of the gel to other ribonucleosides were tested and little AuNP release was observed with 4 mM of guanosine, uridine, or cytidine. These experiments confirmed that the AuNPs were released only in the presence of molecules that can trigger aptamer binding and therefore this process was highly specific. 
Hydrogel drying and rehydration.
We next tested whether it was possible to dry and rehydrate the AuNPs functionalized hydrogel, since drying is important for long-term storage of the material.
Usually, a protecting agent (e.g. sucrose or trehalose) is added to protect biomolecules during the drying process [52] . We found that it is possible to achieve direct drying in our hydrogel system. The
AuNP attached hydrogels were taken out from the buffer (100 mM NaCl, 25 mM HEPES, pH 7.6) and dried on a plastic weighing boat under ambient conditions. After three days, the gels were completely dry. A picture of fresh gel and the dried gel are shown in the inset of Figure 5A . The dried gel showed a much darker color since all of the AuNPs were concentrated on the gel surface with the reduction in gel volume. The dried gel was then placed in 100 mM buffer for rehydration. Interestingly, the gel achieved the original volume in ~1 hr and there was no free AuNP released from the gel, suggesting that the binding between AuNP and gel was very strong.
14 Addition of adenosine still resulted in AuNP release while uridine did not show any effect ( Figure 5A ).
The rate of AuNP release, however, was slower for the rehydrated gel compared to the freshly prepared ones. We hypothesize that during drying, more DNA linkages were formed, possibly due to shrinkage of the gel network establishing more contact areas between gel and AuNPs. To test this hypothesis, the melting curve of this rehydrated gel was measured and indeed it showed a higher melting transition temperature ( Figure 5B ). This can only be explained by the increased DNA linkages between AuNP and the gel surface. It is well known that the melting of such multivalent systems is related to the number of DNA linkages [53] .
Release of liposomes.
After using AuNP releasing as a model system, we next prepared rhodamine-labeled DOPC liposomes that were functionalized with the same DNA. Liposomes have been studied as drug delivery vehicles for a wide range of drugs and therefore are more practically related to drug delivery. The liposomes were assembled on the hydrogel surface using the same linker DNA. As shown in Figure 6A , the gel became highly fluorescent after the liposome attachment. After adding adenosine, the solution became fluorescent, indicating released liposomes in solution. A releasing rate constant of 0.22 min -1 was obtained, which was very similar to the 0.25 min -1 obtained using AuNPs, suggesting that the use of different types of nanoparticles had relatively little effect on the releasing kinetics. Removal of the solution and adding new buffer to the remaining gel showed an almost non-fluorescent gel. This process was also monitored using a spectrofluorometer. As shown in Figure 6B , addition of adenosine resulted in an increase in the solution fluorescence. Conclusions. In summary we have demonstrated the use of a DNA aptamer to assemble DNAfunctionalized AuNPs and liposomes to a monolithic polyacrylamide hydrogel surface. In the presence of adenosine, ATP, or AMP, the nanoparticles were released. The release was very specific and occurred only in the presence of molecules that the aptamer can bind. At the same time, the nanoparticle release kinetics was dependent on salt and temperature. The hydrogel can be easily dried for storage and rehydrated. The rehydrated gel showed an even tighter AuNP binding and adenosine induced release can still be achieved. After this initial proof-of-concept experiment using monolithic gels, future work will be focused on the use of hydrogel microparticles to increase the specific surface area and to facilitate delivery.
